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A B S T R A C T   

Background: It is not currently possible to predict which patients will develop chronic disorders of consciousness 
(DoC) after severe traumatic brain injury (TBI). Although the ascending arousal network (AAN) supports human 
consciousness, it is unknown which AAN pathways must be preserved for patients to recover consciousness. 
Methods: Sixteen patients with acute traumatic coma and 16 matched healthy controls were scanned with high 
angular resolution diffusion imaging (HARDI). All patients recovered consciousness (Recovery Cohort). Nine 
were scanned longitudinally: first in the ICU (Acute), then at ≥5 months post-injury (Follow-up). Six separate 
patients with post-traumatic DoC were scanned ≥5 months post-injury (Chronic DoC Cohort). For each AAN 
pathway, we computed the median relative change in Acute-to-Follow-up Connectivity Probability (CP) in the 
Recovery Cohort. We then used Wilcoxon tests with Bonferroni correction to compare CP in each AAN pathway 
in the Recovery Cohort at Follow-up versus the Chronic DoC Cohort. In an exploratory analysis, we used prin
cipal component analysis (PCA) to determine whether linear combinations of AAN CP values could separate the 
Chronic DoC Cohort from the Recovery Cohort and the healthy controls. 
Results: In the Recovery Cohort, the largest relative AAN CP changes were in the brainstem-to-thalamus (median 
[IQR] = 0.7 [0.09, 0.9]) and forebrain-to-occipital lobe (− 0.8 [− 0.9, − 0.8]) pathways. The AAN connections 
that differed in the cross-sectional analysis between the Recovery Cohort at Follow-up and the Chronic DoC 
Cohort included brainstem-to-hypothalamus (W = 53, PBonf = 0.02), brainstem-to-temporal lobe (W = 52, PBonf 
= 0.04), and thalamus-to-temporal lobe (W = 54, PBonf = 0.009). Plotting the first two principal components of 
AAN connectivity resulted in a linear separation of Chronic DoC patients from other study groups. 
Conclusions: We provide evidence for a longitudinal increase in brainstem-thalamic connectivity during recovery 
of consciousness after traumatic coma. Cross-sectional analyses revealed that brainstem-hypothalamus, brain
stem-temporal lobe, and thalamus-temporal lobe connectivity differed between patients who recovered con
sciousness and those with a chronic DoC. These observations provide the basis for further investigation into AAN 
connectivity as a biomarker for recovery of consciousness after traumatic coma.   

1. Introduction 

Among patients who survive a severe traumatic brain injury (TBI), 
7–8% remain in a vegetative state (VS), and 37% remain in a minimally 
conscious state (MCS) or completely dependent at six months (Wilkins 
et al., 2019). Alternatively, 17% have a good or near-complete recovery 

(Wilkins et al., 2019). The lack of accurate prognostic tools in the 
intensive care unit (ICU) creates uncertainty and increases the risk of 
premature withdrawal of life-sustaining therapy (WLST) in patients with 
recovery potential (Turgeon et al., 2011; Izzy et al., 2013). 

One imaging biomarker with potential prognostic relevance is 
structural connectivity within the ascending arousal network (AAN) 
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(Snider et al., 2019). The AAN is a collection of arousal-promoting 
brainstem (mesopontine tegmentum) and subcortical (hypothalamus, 
basal forebrain, thalamus) nuclei synaptically connected with each 
other and the cerebral cortex (Lindsley et al., 1949; Parvizi and Dam
asio, 2001). Using probabilistic tractography, we recently demonstrated 
that relative to healthy control subjects, patients with traumatic coma 
have an approximately 20% reduction of AAN tracts connecting the 
brainstem tegmentum to the thalamus, basal forebrain, and hypothala
mus (Snider et al., 2019). However, it remains unknown whether AAN 
connectivity changes during recovery of consciousness. Furthermore, 
the specific AAN connections essential for recovery of consciousness 
have not been identified. 

We conducted a longitudinal analysis of AAN connectivity in patients 
who recovered from traumatic coma, and a cross-sectional analysis of 
AAN connectivity in patients with and without a chronic disorder of 
consciousness (DoC). We used high angular resolution diffusion imaging 
(HARDI) and probabilistic tractography to answer the following ques
tions: (1) Where are the peak changes in AAN connectivity during re
covery from traumatic coma? (2) Where are the largest differences in 
AAN connectivity between patients who recover consciousness and pa
tients with chronic post-traumatic DoC? 

2. Materials and methods 

2.1. Patients 

We prospectively enrolled 18 patients who presented with acute 
traumatic coma (Glasgow Coma Scale [GCS] ≤ 6 and no eye opening for 
24 h) to an academic medical center as described previously (Snider 
et al., 2019; Edlow et al., 2017). Etiologies included motor vehicle ac
cident (MVA), fall, and assault (Table 1). Two patients died from WLST 
in the ICU and were excluded from the analysis. Level of consciousness 
was assessed with GCS prior to ICU admission and with the Coma Re
covery Scale-Revised (CRS-R) (Giacino et al., 2004) at the time of each 
MRI scan. Acute MRI scans were performed as soon as was deemed safe 
by treating ICU clinicians. All 16 surviving patients fully recovered 
consciousness by six months (Table 1, Recovery Cohort). Nine of these 
patients returned for a follow-up MRI approximately six months after 
the initial injury (Table 1, Recovery Cohort, Longitudinal). 

We prospectively identified and enrolled a separate, convenience 
sample of six patients with chronic DoC, as defined by a behavioral 
diagnosis of VS or MCS on the CRS-R (Giacino et al., 2018), at least five 
months post-TBI (Table 1, Chronic DoC Cohort). The burden of struc
tural injury in these patients as well as in the Recovery Cohort at Follow- 
up is reported in Supplementary Figure 1. 

2.2. Imaging 

MRI for all patients and healthy subjects was performed on the same 
3 Tesla Skyra scanner (Siemens Medical Solutions) using a 32-channel 
head coil. HARDI sequence parameters have been described previ
ously (Snider et al., 2019) and are notable for 2 mm isotropic resolution, 
60 diffusion-encoding directions, and a contrast of b = 2,000 sec/mm2. 

Anatomical T1-weighted multi-echo MPRAGE (MEMPRAGE) volumes 
were also acquired as previously described (Edlow et al., 2017). All 
HARDI data are available at https://openneuro.org/datasets/ds00 
3367/versions/1.0.0. 

2.3. Image processing 

Pre-processing of the HARDI data was performed in FSL (FMRIB, 
Oxford, UK), including brain extraction (bet2, f parameter 0.2) and eddy 
current and inter/intra volume head motion correction (EDDY 6.0.1 
(Andersson and Sotiropoulos, 2016)). We ran EDDY with slice-wise 
outlier replacement (signal > 4 standard deviations below mean signal 
intensity) and slice-to-volume alignment to correct for intra-volume 
movement (estimated with 20-order model and 5 iterations). Average 
absolute movement for the entire study, and by group, is reported in 
Supplementary Figure 2. Diffusion parameters were estimated with 
BEDPOSTX (6.0.1), using default parameter values. Image registration 
into MNI space was performed using Advanced Normalization Tools 
(ANTs, http://stnava.github.io/ANTs/) as described previously (Snider 
et al., 2019). In one case (Chronic DoC), the subject’s fractional 
anisotropy (FA) image was aligned first to the T1 MEMPRAGE image 
and then to the MNI template to improve anatomical alignment. The 
accuracy of the individual registrations is illustrated in Supplementary 
Figures 3-4. 

2.4. Probabilistic tractography 

We used previously-described bilateral AAN ROIs (Snider et al., 
2019) and MNI atlas segmentations of cortical lobes (Kötter et al., 2001), 
transformed into subject diffusion space and visually screened for mis
alignments. The insular and temporal lobe ROIs were combined given 
their proximity. Tracts connecting pairs of ROIs were generated with 
probabilistic tractography (FSL, PROBTRACKX2 5.0.7) using default 
parameters. Because cortico-cortical association fibers were not 
considered here, a callosal exclusion mask was used to remove 
anatomically implausible tracts that crossed the midline. In 7 subjects (6 
Chronic DoC, 1 Recovery Follow-up), hypothalamic, thalamic or basal 
forebrain masks were manually edited (FSLeyes) in diffusion space ac
cording to the Allen Brain Atlas (Ding et al., 2016) to correct mis
alignments. A representative example is shown in Supplementary Figure 
5. 

A connectivity probability (CP) between each pair of ROIs (Snider 
et al., 2019) was defined as CP = k1+k2

n1+n2, where k1 = tracts from seed 
reaching target, k2 = tracts from target reaching seed, n1 = total tracts 
launched from seed (5000 × seed voxels), and n2 = total tracts launched 
from target (5000 × target voxels). This formula models CP as a bino
mial distribution with each pi = ki/ni derived from ki tracts reaching the 
relative target from ni trials (5000 × seed voxels). With two samples 
(seed-to-target and target-to-seed), the resulting probability (CP) is a 
weighted average of the two pi, each weighted by ni trials. Because ROIs 
were bilateral, CP additionally reflects the average of left- and right- 
sided connectivity, also weighted by the left and right hemispheric 
size of each ROI. 

Table 1 
Patient Characteristics.   

Recovery (N = 16) Chronic DoC (N = 6) 

Acute Only (N = 7) Longitudinal (N = 9) 

Age (median [IQR]) 32 [25, 36] 26 [21, 28] 24 [22, 26] 
Sex (M) 6 (86%) 6 (67%) 3 (50%) 
Mechanism MVA 3 (43%), Fall 3 (43%), Assault 1 (14%) MVA 6 (67%), Fall 3 (33%) MVA 6 (100%) 
Time from injury to Acute MRI (days) 12 [10,14] 7 [3,14] – 
Time from injury to Follow-Up MRI (days) – 206 [190, 370] 172 [151, 925] 
Level of consciousness at Follow-Up – Conscious (100%) VS 3 (50%), MCS 3 (50%) 
CRS-R total score at Follow-Up – 23 [23, 23] 6.5 [5, 8.75]  
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We analyzed subcortical (connecting brainstem tegmentum, hypo
thalamus, basal forebrain, and thalamus) and projection AAN tracts 
(connecting subcortical structures and a cortical lobe). For visualization, 
we transformed into MNI space the tracts connecting every pair of 
subcortical structures and normalized each voxel by the number of tracts 
launched (total voxel size of all ROIs × 5000). 

2.5. Statistics 

Among the Recovery Cohort patients, we defined the relative change 
in CP (Δrel CP) as (CPFollow-up − CPacute) / CPacute. To identify AAN 
connections with the greatest differences between the Chronic DoC (N =
6) and Recovery Cohort at Follow-up (N = 9), we ran Wilcoxon rank sum 
tests for each pair of ROIs, using a Bonferroni P-value correction. As a 
benchmark for comparison, we analyzed CP values in an age- and sex- 
matched healthy control cohort (N = 16), as well as in all Recovery 
Cohort Acute patients (N = 16). To ensure that any difference in CP 
between the Chronic DoC and Recovery cohorts was not driven by excess 
motion in the Chronic DoC group, we repeated the Wilcoxon analysis for 
any significant results, after excluding subjects who were motion out
liers (i.e. >1 standard deviation from the group mean average absolute 
motion). To identify the axes explaining the largest proportion of vari
ance between the Chronic DoC and Recovery Cohort at Follow-up, we 
performed principal component analysis (PCA) on the set of centered 
and scaled AAN CP values. We then projected the Control and Recovery 
Cohorts’ (Acute) AAN CP values onto these same axes to assess for linear 
separability among the groups. Analyses were performed in RStudio 
(Version 1.1.442). 

3. Results 

3.1. Longitudinal recovery: Acute to Follow-up (N = 9) 

Normalized tract plots illustrate differences in subcortical AAN 
connectivity between Controls, Recovery (Acute and Follow-up), and 
Chronic DoC patients (Fig. 1A). Among the Recovery patients, the 
largest proportional connectivity increase (Δrel CP) from the Acute to 
Follow-up scans occurred between the brainstem tegmentum and thal
amus (median 0.7, IQR [0.09, 0.9], Fig. 1B) and the largest decrease 
occurred in the projection fibers connecting the basal forebrain to the 
occipital lobe (− 0.8 [− 0.9, − 0.8], Fig. 1B). However, even among the 
six connections with the lowest coefficient of variation (<1st quartile, 
Fig. 1C), individual subject results were heterogeneous. 

3.2. Cross-sectional: chronic DoC (N = 6) versus recovery follow-up (N 
= 9) 

We next investigated maximal connectivity differences between pa
tients who did or did not recover consciousness. We identified three 
AAN connections with significant CP reduction in Chronic DoC 
compared with Recovery Follow-up (Fig. 2A): brainstem tegmentum - 
hypothalamus (W = 53, PBonf = 0.02), tegmentum - temporal lobe (W =
52, PBonf = 0.04), and thalamus - temporal lobe (W = 54, PBonf = 0.009). 
The largest thalamus - temporal lobe CP value in the Chronic DoC Cohort 
was smaller than the smallest CP value in all other study groups 
(Fig. 2B). This lack of between-group overlap was only observed for this 
particular connection. All three connections remained significantly 
different between groups after excluding patients who were motion 
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outliers (Supplementary Figure 6) or who were imaged after long delays 
(>2 years) post injury. All three connections trended in the same di
rection and two of three (tegmentum - hypothalamus (P = 0.048) and 
thalamus - temporal (P = 0.024)) remained significantly different after 
excluding three subjects from the Recovery Cohort at Follow-up who 
had a non-MVA mechanism of injury. 

Finally, we performed PCA on all AAN CP values in an exploratory 
analysis to assess the separability of Chronic DoC patients from those 
who recovered consciousness. The first two principal components 
(loaded most heavily with tegmentum-hypothalamus and forebrain- 
frontal CP values, respectively) explained a cumulative 71% of the 
variance between the Chronic DoC Cohort and Recovery Cohort at 
Follow-up (Fig. 3A). Projecting all Controls (N = 16) and Recovery 
Cohort Acute (N = 16) subjects onto the same axes demonstrated linear 
separability of the Chronic DoC cohort from all other study participants 
(Fig. 3B). 

4. Discussion 

We provide the first report on longitudinal changes in AAN con
nectivity during post-traumatic recovery of consciousness and identify 
AAN connections whose integrity differed between patients who did or 
did not recover consciousness. In traumatic coma patients who recov
ered consciousness, the largest AAN connectivity increases occurred 
subcortically, between the brainstem tegmentum and thalamus, and the 
largest decreases occurred in the cortical projections. 

Consistent with prior work in structural connectivity after severe TBI 
(Wang et al., 2011), longitudinal AAN connectivity changes varied be
tween patients who recovered consciousness. Just as there are different 
patterns of injury that can produce unconsciousness, there may be 
multiple potential pathways to the restoration of consciousness, sup
ported by different combinations of subcortical connections. Substantial 
heterogeneity in patterns of injury and recovery have implications for 
prognostic and therapeutic studies, which typically rely on sample av
erages to derive conclusions. In this context, larger samples amenable to 
a precision medicine approach (Edlow et al., 2020) are needed to 
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identify the range of potential mechanisms of injury and recovery. 
While the brainstem’s connectivity with the hypothalamus and 

thalamus was reduced in chronic DoC patients, only thalamus-temporal 
lobe had no CP values that overlapped with other study groups, war
ranting further investigation into the pathophysiologic relevance of this 
pathway in human consciousness. The brainstem and thalamus have 
long been known to be critical for arousal and awareness, but networks 
within the temporal lobe have more recently been identified as impor
tant for consciousness. Temporal lobe functional connectivity within the 
auditory network has been shown to differ significantly between DoC 
patients with versus without awareness (Boly et al., 2004; Demertzi 
et al., 2015; Martínez et al., 2020). Furthermore, the temporal lobe’s 
connections with the medial thalamus and rostral brainstem are thought 
to be responsible for loss of consciousness in temporal lobe seizures 
(Blumenfeld and Taylor, 2003). 

In our previous study (Snider et al., 2019); tegmentum - hypothala
mus and tegmentum - thalamus tracts showed the largest degree of 
disruption in acute traumatic coma as compared with control subjects. 
Connections between the thalamus and temporal lobe were not inves
tigated in our prior work, which exclusively focused on brainstem 
pathways. Even so, connections that can produce coma when damaged 
may differ from those essential for recovery of consciousness. While 
multiple tegmental pathways may produce a coma when disrupted, it is 
possible that a persistent DoC occurs only when thalamo-temporal 
connections are damaged. 

The burden of structural injury accompanying subcortical discon
nections was not independently accounted for here. Apart from sample 
size constraints, such an analysis presents a fundamental challenge. In 
the chronic, post-injury setting, cortical volumes in regions connected 
by a white matter fiber tract are closely correlated with diffusion MRI 
parameter measurements within the tract itself (Warner et al., 2010). 
Structural injury is therefore fundamentally intertwined with measured 
connectivity. 

Using input from all AAN connections, PCA identified the linear 
combination of connectivity values that explained the most variance 
between patients with chronic DoC from those who recovered. Whether 
this technique will enable more robust connectivity-based separation of 
chronic DoC from recovered patients will need to be tested in larger 
datasets. Furthermore, it remains to be determined whether individual 
tract disruptions are evident on the acute scans of TBI patients who will 
develop a chronic DoC, or whether they become apparent only after time 
has elapsed. Future work will also be needed to determine if connec
tivity measurements obtained acutely can independently predict the 
degree of cognitive and functional recovery, as measured by standard
ized scales like the CRS-R and Disability Rating Scale. 

The goal of structural connectivity analyses is to use tractography to 
reconstruct diffusion MRI data and quantify the number of intact axonal 
connections between two structures. In animal models of TBI, changes in 
diffusion MRI parameters correspond to focal edema and/or axonal 
injury (Mac Donald et al., 2007), but these observations have not yet 
been histologically validated in humans. The CP metric used here seeks 
to quantify structural connectivity, while mitigating some of the biases 
(e.g. accounting for seed and target size) and limitations (e.g. using a 
bidirectional diffusion measure because there is no information about 
the direction of electrical signaling) inherent to tractography. Axonal 
injury or focal edema within axon bundles should reduce the measured 
CP between two structures, but this remains unproven. 

A fundamental limitation of this study is its small sample size. In 
studies performing brain-wide correlations between a neuroimaging 
feature and behavior, estimates of effect sizes inversely correlate with 
sample size, and small samples tend to produce noisy, unstable estimates 
(Lorca-Puls et al., 2018; Button et al., 2013; Marek et al., 2020). To 
mitigate the potential for obtaining non-reproducible results, we 
restricted our testing to the AAN and used the most conservative sta
tistical method to correct for multiple comparisons (Bonferroni correc
tion). However, there is no absolute way to avoid false negatives and 

spurious associations without a larger sample size. For this reason, the 
findings reported here should be considered preliminary until validated 
in a larger, independent dataset. 

A second limitation of this study is the differential amount of head 
motion between groups. While we processed the data with a sophisti
cated motion-correction algorithm and demonstrated that our results 
were robust to the exclusion of motion outliers, fully accounting for the 
confounding effects of motion is difficult. In larger datasets, estimates of 
head motion should be included as nuisance regressors (Yendiki et al., 
2014) when modeling the effect of DTI parameters on patient 
characteristics. 

Additional limitations include the differential time to imaging post- 
injury, the well-established problems with the neuroanatomic sensi
tivity and specificity of tractography (Maier-Hein et al., 2017) and our 
use of sub-maximal angular resolution (Prčkovska et al., 2013). 
Furthermore, as subcortical ROI-based tractography requires trans
formation of atlas-based masks onto 2 mm isotropic diffusion sequences, 
small errors in mask alignment would go undetected. Additionally, 
given our use of whole-thalamus ROIs, thalamocortical projections 
analyzed here would have also included fibers between thalamic nuclei 
and cortical structures not believed to be involved in arousal or 
awareness. Finally, the structural connectivity quantification used here 
(CP) has not been histologically validated. 

In summary, we provide initial characterization of longitudinal 
connectivity changes within the human AAN following traumatic coma. 
We show that specific AAN connections may discriminate between pa
tients with or without a chronic DoC. These findings warrant further 
investigation into AAN connectivity as a potential biomarker for re
covery of consciousness after traumatic coma. 
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